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Shallow, paddle-wheel mixed, raceway-type ponds (high rate oxidation ponds, HROP) are generally 
used in the treatment of wastewaters with algae. Recently however, several other types of algal 
culture systems have been developed which have potential application for the tertiary, or higher, 
treatment of wastewaters. These include hyperconcentrated algal cultures, immobilised cell systems, 
dialysis cultures, tubular photobioreactors and algal mats. Depending on the particular application 
of the algae to wastewater treatment and the ultimate use of the algal biomass, these systems may 
be much better suited than the 'standard' HROP pond system. 
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INTRODUCfiON 
Almost all algal systems used for wastewater treatment to date are either deep ponds (oxidation 
ponds) or, more commonly, large, shallow, paddlewheel-driven raceway-type ponds (high rate 
oxidation ponds) (Shelef et al., 1980; Soeder, 1980; Abeliovich, 1986; Oswald, 1988a, b, c). The 
latter pond types are also the main systems used for the commercial cultivation of microalgae for 
fine chemicals, food or feed (Curtain et al., 1987; Borowitzka and Borowitzka, 1989a, b, 1990). 
Although these types of culture systems are effective, they have several limitations which are also 
important to the use of algae for wastewater treatment. These limitations are: 
(1) relatively low light utilisation efficiency, 
(2) low algal densities (usually < 1 g dry wt.l-1), 
(3) little effective control over temperature, pH or 0 2 concentration. 
Furthermore, unless the algae are able to grow in extreme environments such as high salinity (e.g. 
Dunaliella) or high pH (e.g. Spirulina), it is difficult to maintain a reliable 'pure' algal culture. These 
limitations have resulted in the development of several alternative algal culture methods, and some 
of these also have potential applications in wastewater treatment or in the use of wastewaters as a 
nutrient source for the production of algal biomass. 
Most studies of algae and wastewater have concentrated on the use of the algae for the removal of 
nutrients from wastewater, and the utilisation of the algal biomass produced has been only a 
secondary consideration. However, as pointed out earlier (L.J. Borowitzka, this volume), microalgae 
are also sources of a wide range of valuable compounds. 
HYPERCONCENTRATED CULTURES 
Hyperconcentrated cultures are cultures with an algal biomass > 1.5 g.l-1• On a small-scale, 
experiments with hyperconcentrated cultures have shown that these can accelerate the removal of 
nutrients compared to 'normal' cultures. Algae for such experiments are concentrated by 
flocculation and settling using a flocculant such as chitosan (Lavoie and de la Nolie, 1983; Morales 
et al., 1985). Cell concentrations of up to 1.9 g dry weight.l-1 have been obtained for Oscillatoria sp. 
grown on sewage sludge (Hashimoto and Furukawa, 1989). Working with Scenedesmus obliquus 
cultures, Lavoie and de la Nolie (Lavoie and de la Nolie, 1985) have shown that greatly nitrogen 
removal was greatly accelerated for i.9 g dry weight.I-1 cultures compared to normal density cultures 
of 0.5 g dry weight.I-1• They have also demonstrated that the rate of removal of ammonium and 
phosphorous in these hyperconcentrated cultures was proportional to algal concentration and 
independent of the obvious light limitation due to self-shading. Although this work has been carried 
out only on a small scale so far, the use of such hyperconcentrated cultures would require smaller 
pond areas, or would permit a reduced residence time, both of which have potential advantages. 
The engineering and economic feasibility of such systems on a large-scale remains to be 
determined. 
IMMOBILISED CELL SYSTEMS 
Immobilised cell systems have the advantage of allowing high concentrations of algae to be 
maintained and minimise the need for harvesting. Therefore, they have great potential for tertiary 
treatment of wastewaters. A recent review (Tyagi and Vembu, 1990) summarises much of the 
available data on such systems. Immobilised systems have been tested for nutrient removal from 
wastewater. For example, Chevalier and de la Nolie (1985) immobilised two species of the green 
alga, Scenedesmus, in K-carrageenan beads, and used these to remove nutrients from wastewater. 
The growth of the immobilised cells was the same as those of free-living cells, and the uptake of 
nitrogen and phosphorous was also similar for free and entrapped cells. Robinson et al. (1989) have 
also examined the phosphorous uptake kinetics of Chiarella emersonii imm~bilised in Ca-alginate 
beads. In this system they have achieved average uptake efficiencies of 44% with secondarily 
treated effluent. Improved uptake rates are expected with improvements in reactor design and 
possibly also with selection of more efficient algae. The main drawback to such a system at present 
is the high cost of the inclusion materials, and further studies are needed to find a cheaper 
alternative material. One promising material is chitosan flakes which have been used to immobilise 
Phormidium with some success (de la Noiie and Proulx, 1988a, b) and polyurethane foams have 
also been used (Largeau et al., 1988). 
Immobilised algal cells can also be used for the removal of heavy metals from waste waters, and in 
this application they have the advantage of simplifying the removal of the heavy metal 
contaminated algae from the system. 
DIALYSIS CULTURES 
In dialysis culture the algae are separated from the nutrient-containing medium by a semi-
permeable dialysis barrier. Low-molecular weight compounds diffuse across this barrier in response 
to a concentration gradient (Jensen, 1976; Marsot et al., 1991). High cell density cultures can be 
maintained for prolonged periods in systems with a high membrane surface area/culture volume 
ratio, and the algal cells show very efficient rates of nutrient utilisation (Ney et al., 1981; Marsot et 
al., 1991 ). One advantage of dialysis culture is that it can serve to exclude inhibitory substances and 
it also allows the microbiologically pure culture of the algae. The latter is particularly important for 
the production of high quality algae for human consumption. 
Such a system has, as yet, not been applied to the use of wastewaters for algal culture, however this 
type of system deserves critical evaluation. 
TUBULAR PHOTOBIOREACTORS 
One of the most promising areas in the development of new reactor types are the tubular 
photobioreactors. Basically, these reactors are a closed system consisting of a clear tube within 
which the algae grow. The algae are circulated by means of a pump and the system also has a gas 
exchange unit where C02 can be added and photosynthetically produced 0 2 is stripped from the 
medium. If necessary, a heat exchanger is also added to either cool (in tropical areas) or heat (in 
temperate areas) the culture. Figures 1 and 2 show the layout of such reactors. 
The concept of tubular reactors is not new. Simple tubular reactors were already tested by Davis 
and coworkers (1953), and many of the modern systems derive from the work of Pirt (Pirt et al., 
1983), although similar systems had been used in Czechoslovakia at Trebon earlier to grow 
Chiarella (pers. comm ). 
Two basic kinds of systems are presently used consisting either of (a) straight tubes arranged flat on 
the ground or in long vertical rows (Pirt et al., 1983; Pirt, 1986; Torzillo et al., 1986; Bocci et al., 
1988; Chaumont et al., 1988), or (b) of tubes spirally wound around a central support (Robinson,LF 
et al., 1988; Borowitzka and Borowitzka, 1989b) or a similar helical structure (Lee and Bazin, 1990). 
The tubes can be of glass, Perspex or PVC, and diameters range from about 24 em to 24 mm. It is 
]3 
interesting to note that most systems are now tending to use the narrower diameter tubes, since 
these appear to have better hydrodynamic properties and result in improved productivity. 
Circulation of the algal culture is by means of diaphragm, peristaltic, lobe or centrifugal pumps or 
by an airlift. From an engineering point of view, the circular reactors are easier to construct, and 
occupy less land area per unit volume. 
These photobioreactors have been used on a pilot scale to grow a wide variety of algae including 
Spirulina, Porphyridium, Chiarella, Dunaliella, Haematococcus, Tetraselmis and Phaeodactylum. In 
our studies, biomass concentrations of > > 3 g.I-1 have been achieved. The high productivity and 
biomass can be attributed to the small optical cross-section of the tubes thus maximising light 
utilisation and a very effective mixing regime. These reactors also have the advantage of almost 
linear scale-up, unlike paddle-wheel and similar ponds, where scale-up presents major difficulties 
(Borowitzka and Borowitzka, 1989b ). 
The straight, horizontally arranged systems have ranged from small laboratory-scale units (Materassi 
et al., 1980; Bocci et al., 1988; James and Alkhars, 1990) to the 1000 m2 pilot plant at Cadarache in 
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Figure 9. Schematic diagram of the tubular photobioreactor in use at Cadarache, France. 
France (Chaumont et al., 1988). Figure 1 shows the layout of such a system. One problem with 
large systems of this design is that the long tubes require adequate support and flat surfaces. This 
problem was overcome in the Cad8;fache plant by floating the tubes in a large pond. By attaching a 
flotation system to the tubes, temperature of the cultures could also be controlled by either floating 
the tubes at the surface of the pond where they would heat up, or immersing them wholly to cool 
them. 
The coiled tubular bioreactors of the BIOCOIL design of Biotechna Plc have the advantage of 
being much easier and cheaper to construct and also show better mixing characteristics and higher 
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Figure 10. Schematic layout of the BIOCOIL-type of tubular photobioreactor. 
productivities that straight tubes (Hishino et al., 1991 ). Figure 2 shows the layout of such a system. 
Tubular reactors have several potential problems which affect algal productivity. These are 
(1) temperature control; 
(2) Control of 0 2 and C02; 
(3) Growth of the algae on the inner surface of the tubes; 
( 4) Adequate circulation speeds without damage to the relatively fragile algal cells. 
Temperature Control 
Although this has been perceived as a major problem in tubular reactors, considering that they are 
very similar in design to solar hot water collectors, practice has shown that temperature can be 
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F controlled easily. temperature control can be either by the floating tube method used at Cadarache, 
' by spraying water over the tubes to allow evaporative cooling, or by using a heat exchanger and a 
cooling system. The latter approach appears to be the most economically effective. In cool climates, 
the heat exchanger system can also be used to heat the cultures. Such a system was used by 
Biotechna Pic at their pilot-scale plant at Luton, U.K, and which used the waste heat generated by 
a brewery. 
0 2 and C02 Control 
Algal cultures require C02 for photosynthesis. Photosynthesis also produces 0 2 which, at high 
concentrations, will inhibit photosynthesis and therefore also productivity. In order to strip 
effectively the culture of 0 2 and add sufficient C02 , tubular reactors require efficient gas exchange 
towers and quite a lot of research is focussing on this at present. The need for regular gas exchange 
also limits the length of the tube through which the algae must pass. This aspect of the design of 
tubular photobioreactors appears to have been resolved through the use of manifolds to split the 
culture over several parallel tube systems (Robinson,LF et al., 1988). 
Fouling 
Fouling of the internal surfaces of the tubular reactor reduces the light utilisation efficiency of the 
algal culture due to shading, and also decreases the nutrient uptake efficiency. In narrow-tube 
photobioreactors, fouling can be prevented by maintaining the flow-rate above a certain speed; the 
required flow rate will depend on the particular algal species and growth conditions. The spiral 
tubular photobioreactors also appear to be less prone to fouling due to the particular hydraulic flow 
conditions which exist in a curved tube compared with a straight tube. 
If fouling does occur, the tubes can be cleaned by circulating small beads of polystyrene foam or 
similar material within the tubes without interrupting the normal culture. 
Circulation 
A major area for continued research is the method of providing the flow rate required. Existing 
systems use a wide range of pumps or airlifts, and as yet no particular type of pump seems to be 
more effective than any other. It is clear, however, that pumping can be a major limiting factor to 
the productivity of some algal species due to cell damage which occurs. It is therefore necessary to 
study the effects of different pumping systems on a range of algae and to understand better the 
hydrodynamic environment within pumps and, furthermore, more effective airlifts need to be 
designed. It will also be very likely that different algal species will have different optimal pumping 
systems. 
ALGAL MATS 
All the systems considered so far have used microalgae. An alternative system for nutrient removal 
from wastewaters is to use attached macroalgae or other aquatic plants. One such system is the 
algal mat system developed by Adey (Adey, 1982), and which is being used to remove nutrients 
from large tropical aquarium systems such as those at Reef World and at James Cook University in 
Townsville. In this system, the algae (a range of turf-forming species such as Enteromorpha, 
Cladophora, Sphacelaria, Ectocarpus, Ceramium, Polysiphonia, Herposiphonia and Oscillatoria) are 
grown on a net or mesh and the nutrient-rich water is passed over them. The algae containing the 
nutrients are regularly removed by mechanically removing them from the mats. 
Although this system has proven very effective in controlling the nutrient levels in the aquarium 
water so that even corals, which are very sensitive to elevated nutrient levels, can grow, it does 
require a large surface area and is very labour intensive. In certain months of the year the natural 
daylight also has to be supplemented with artificial lighting to maintain an adequate rate of nutrient 
removal. 
Other aquatic plant based systems have also been proposed for nutrient removal using aquatic 
plants such as water hyacinth, 7ypha and Phragmites, however all of these systems have been shown 
to be less efficient than algal systems (Werblan et al., 1978; Wolverton, 1982; Finlayson,CM and 
Chick, 1983; Finlayson,M et al., 1987). 
CONCLUSIONS 
Algae can be used in wastewater treatment for a range of purposes, including 
(a) reduction of BOD; 
(b) removal of N and/or P; 
(c) removal of heavy metals. 
The high concentrations of N and P in most wastewaters also means that these wastewaters may 
possibly be used as a cheap nutrient source for algal biomass production. This algal biomass could 
be used for 
(i) for methane production; 
(ii) for composting; 
(iii) for the production of liquid fuels (pseudo-vegetable fuels); 
(iv) as animal feed or in aquaculture; 
(v) for the production of fine chemicals. 
The different purposes, and the various applications to which the algal biomass may be put, as well 
as other factors such as climate, are likely to require different culture systems. The systems 
described above are some of the major alternatives to the more conventional high rate oxidation 
pond systems. With increasing pressures to not only treat wastewaters to reduce the BOD, but to 
also remove nutrients to avoid eutrophication of the dams, lakes, rivers and seas into which the 
effluent is discharged, consideration of these systems and their application should be part of any 
rational evaluation of the available waste treatment alternatives. 
REFERENCES 
Abeliovich, A. (1986). Algae in wastewater oxidation ponds. In: CRC Handbook of Microalgal Mass 
Culture, A Richmond (Ed.)., CRC Press, Boca Raton, pp. 331-338. 
Adey, W.H. (1982). Algal Turf Scrubber. USA Patent No. 4,333,263. 
~7 
Bocci, F., Torzillo, G., Vincenzini, M. and Materassi, R. (1988). Growth physiology of Spirulina 
platensis in tubular photobioreactor under natural light. In: Algal Biotechnology, T. Stadler, J. 
Mollion, M.C. Verdus, Y. Karamanos, H. Morvan and D. Christiaen (Eds.)., Elsevier 
Applied Science, London, pp. 219-228. 
Borowitzka, L.J. and Borowitzka, M.A (1989a). ~-Carotene (Provitamin A) production with algae. 
In: Biotechnology of Vitamins, Pigments and Growth Factors, E.J. Vandamme (Ed.)., 
Elsevier Applied Science, London, pp. 15-26. 
Borowitzka, L.J. and Borowitzka, M.A (1989b). Industrial production: methods and economics. In: 
Algal and Cyanobacterial Biotechnology, R.C. Cresswell, T.AV. Rees and N. Shah (Eds.)., 
Longman Scientific, London, pp. 294-316. 
Borowitzka, L.J. and Borowitzka, M.A (1990). Commercial production of ~-carotene by Dunaliella 
salina in open ponds. Bull. Mar. Sci., 47, 244-252. 
Chaumont, D., Thepenier, C., Gudin, C. and Junjas, C. (1988). Scaling up a tubular photoreactor 
for continuous culture of Porphyridium cruentum from laboratory to pilot plant (1981 - 1987). 
In: Algal Biotechnology, T. Stadler, J. Mollion, M.C. Verdus, Y. Karamanos, H. Morvan and 
D. Christiaen (Eds.)., Elsevier Applied Science, London, pp. 199-208. 
Chevalier, P. and de la Noi.ie, J. (1985). Wastewater nutrient removal with microalgae immobilized 
in carrageenan. Enzyme Microb. Techno!., 1, 621-624. 
Chevalier, P. and de la Noi.ie, P. (1985). Efficiency of immobilized hyperconcentrated algae for 
ammonium and orthophosphate removal from wastewaters. Biotech. Lett., 7, 395-400. 
Curtain, C.C., West, S.M. and Schlipalius, L. (1987). Manufacture of ~-carotene from the salt lake 
alga Dunaliella salina: the scientific and technical background. Aust. J. BiotechnoL, 1, 51-57. 
Davis, E.A, Dedrick, J., French, C.S., Milner, H.W., Myers, J., Smith, J.H.C. and Spoehr, H.A 
(1953). Laboratory experiments on Chiarella culture at the Carnegie Institution of 
Washington Department of Plant Biology. In: Algal culture. From laboratory to pilot plant, J.S. 
Burlew (Ed.)., Carnegie Institution of Washington, Washington,D.C., pp. 105-153. 
de la Noi.ie, J. and Proulx, D. (1988a). Tertiary treatment of urban wastewaters by 
chitosan-immobilised Phormidium sp. In: Algal Biotechnology, T. Stadler, J. Mollion, M.C. 
Verdus, Y. Karamanos, H. Morvan and D. Christiaen (Eds.)., Elsevier Applied Science, 
London, pp. 159-168. 
de la Noi.ie, J. and Proulx, D. (1988b). Biological tertiary treatment of urban wastewater with 
chitosan-immobilized Phormidium. Appl. Microbial. Biotech., 29, 292-297. 
Finlayson, C.M. and Chick, AJ. (1983). Testing the potential of aquatic plants to treat abattoir 
effluent. Wat. Res., 17, 415-422. 
Finlayson, M., Chick, A, von Oertzen, I. and Mitchell, D. (1987). Treatment of piggery effluent by 
an aquatic plant filter. Biological Wastes, 19, 179-196. 
Hashimoto, S. and Furukawa, K (1989). Nutrient removal from secondary effluent by filamentous 
algae. J. Ferment. Bioeng., 67, 62-69. 
Hoshino, K, Hamochi, M., Mitsuhashi, S and Tanishita, K (1991). Measurements of oxygen 
production rate in flowing Spirulina suspension. Appl. Microbial. Biotechnol., 35, 89-93. 
James, C.M. and Alkhars, AM. (1990). An intensive continuous culture system using tubular 
photobioreactors for producing microalgae. Aquacult., 81, 381-393. 
Jensen, A (1976). Dialysis culture in integrated aquaculture. In: Harvesting Polluted Waters, 0. 
Devik (Ed.)., Plenum Publishing Corp., New York, pp. 143-149. 
Largeau, C., Bailliez, C., Yang, L.W. and Casadevall, E. (1988). Immobilization of the microalgae 
Botryococcus braunii in calcium alginate gels and in polyurethane foams. Effect of 
immobilization on the alga metabolism-metabolite recovery by solvent extraction. In: Algal 
Biotechnology, T. Stadler, J. Mollion, M.C. Verdus, Y. Karamanos, H. Morvan and D. 
Christiaen (Eds.)., Elsevier Applied Science, London, pp. 245-253. 
Lavoie, A and de la Noiie, J. (1983). Harvesting microalgae with chitosan. J. World Maricult. Soc., 
14, 685-694. 
Lavoie, A and de la Noiie, J. (1985). Hyperconcentrated culture of Scenedesmus obliquus: a new 
approach for wastewater tertiary treatment? Wat. Res., 19, 1437-1442. 
Lee, E.T.Y. and Bazin, M.J. (1990). A laboratory scale air-lift helical photobioreactor to increase 
biomass output rate of photosynthetic algal cultures. New Phytol., 116, 331-335. 
Marsot, P., Cembella, A and Houle, L. (1991). Growth kinetics and nitrogen-nutrition of the 
marine diatom Phaeodactylum tricornutum in continuous dialysis culture. J. Appl. Phycol., 3, 
1-10. 
Materassi, R., Balloni, W., Pushparaj, B., Pelosi, E. and Sili, C. (1980). Coltura massiva di Spirulina 
in sistemi colturali aperti. In: Atti del convegno Prospettive della coltura di Spirulina in /talia, 
R. Materassi (Ed.)., Accademia dei Georgofili, Firenze, pp. 241-260. 
Morales, J., de la Noiie, J. and Picard, G. (1985). Harvesting marine microalgae species by chitosan 
flocculation. Aquacult. Eng., 4, 257-270. 
Ney, J.M., Canary, C.L. and Chapman, S.R. (1981 ). High density diatom production utilizing dialysis 
techniques. Aquacult., 24, 363-369. 
Oswald, W.J. (1988a). Large-scale algal culture systems (engineering aspects). In: Micro-Algal 
Biotechnology, M.A Borowitzka and L.J. Borowitzka (Eds.)., Cambridge University Press, 
Cambridge, pp. 357-394. 
Oswald, W.J. (1988b ). Micro-algae and waste-water treatment. In: Micro-algal Biotechnology, M.A 
Borowitzka and L.J. Borowitzka (Eds. )., Cambridge University Press, Cambridge, pp. 
305-328. 
19 
Oswald, W.J. (1988c ). The role of microalgae in liquid waste treatment and reclamation. In: Algae 
and Human Affairs, C.A Lembi and J.R. Waaland (Eds.)., Cambridge University Press, 
Cambridge, pp. 255-281. 
Pirt, S.J. (1986). Culture growth and apparatus therefor. UK Patent No. 2,118,572. 
Pirt, S.J., Lee, Y.K, Walach, M.R., Pirt, M.W., Balyuzi, H.H.M. and Bazin, M.J. (1983). A tubular 
bioreactor for photosynthetic production of biomass from carbon dioxide: design and 
performance. J. Chern. Tech. Biotechnol., 33B, 35-58. 
Robinson, L.F., Morrison, A W. and Bamforth, M.R. (1988). Improvements relating to biosynthesis. 
European Patent No. 261,872. 
Robinson, P.K, Reeve, J.O. and Goulding, KH. (1989). Phosphorous uptake kinetics of 
immobilized Chiarella in batch and continuous culture. Enzyme Microb. Techno/., 11, 590-596. 
Shelef, G., Azov, Y., Moraine, R. and Oron, G. (1980). Algal mass production as an integral part of 
a wastewater treatment and reclamation system. In: Algae Biomass, G. Shelef and C.J. 
Soeder (Eds.)., Elsevier/North Holland Biomedical Press, Amsterdam, pp. 163-189. 
Soeder, C.J. (1980). Massive cultivation of microalgae: Results and prospects. Hydrobiologia, 12, 
197-209. 
Torzillo, G., Pushparaj, B., Bocci, F., Balloni, W., Materassi, R. and Florenzano, G. (1986). 
Production of Spirulina biomass in closed photobioreactors. Biomass, 11, 61-64. 
Tyagi, RD. and Vembu, K (1990). Wastewater treatment by immobilized cells. CRC Press, 
Boca Raton. 
Werblan, D., Smith, R.J., Vander Valk, AG. and Davis, C.B. (1978). Treatment of waste from a 
confined hog feeding unit by using artificial marshes. In: Proceedings of International 
Symposium on Land Treatment of Wastewater, H.L. Mickim (Ed.), Hannover, New Hapshire, 
pp. 1-13. 
Wolverton, B.C. (1982). Hybrid wastewater treatment system using anaerobic microoganisms and 
reed (Phragmites communis). Econ. Bot., 36, 373-380. 
